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C-Terminal Src Kinase Controls Acute Inflammation
and Granulocyte Adhesion
ports further release of integrins through degranulation
(Bainton et al., 1987) and stabilization of signaling com-
plexes through a positive feedback loop (Giancotti and
Richard M. Thomas,1 Christian Schmedt,3
Marco Novelli,2 B. Ken Choi,1 Jane Skok,1
Alexander Tarakhovsky,3 and Ju¨rgen Roes1,*
Ruoslahti, 1999). Integrin signaling and cytoskeletal re-1University College London
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process the cell changes from being a poor responderUnited Kingdom
to a strongly adhesive, “primed” cell ready to release its2Department of Histopathology
destructive potential (Lowell and Berton, 1999). PotentRockefeller Building
hydrolytic enzymes, which are activated through K in-University Street
flux triggered by the NADPH oxidase, are released intoLondon WC1E 6JJ
the phagocytic vacuole to kill ingested microbesUnited Kingdom
(Reeves et al., 2002). While granulocyte proteases pro-3 The Rockefeller University
vide protection against microbial infections, they haveLaboratory of Lymphocyte Signaling
also been implicated in immunopathogenesis. Mice defi-1230 York Avenue
cient in elastase and cathepsin G are relatively resistantNew York, New York 10021
to endotoxic shock (Tkalcevic et al., 2000). Thus, the
activation threshold of phagocytes must be finely tuned
to prevent premature phagocyte activation, while main-Summary
taining the ability to mount a swift protective response.
Adhesion-dependent phagocyte responses require li-To establish whether the widely expressed regulator
gation of integrins (Nathan et al., 1989), which signal viaof Src family kinases Csk contributes to the control of
tyrosine kinases of the Src family (Src-fk, Berton andacute inflammation in vivo, we inactivated csk in gran-
Lowell, 1999). Hck, Fgr, and Lyn represent the majorulocytes by conditional mutagenesis (Cre/loxP). Mu-
Src-fk in myeloid cells. Granulocytes lacking both Hcktant mice (Csk-GEcre) developed acute multifocal in-
and Fgr fail to activate the respiratory burst in responseflammation in skin and lung. Animals were protected
to TNF or fMLP either when primed by adhesion tofrom the disease in a microbiologically controlled envi-
immobilized integrin ligands or by direct integrin cross-ronment, but remained hypersensitive to LPS-induced
linking (Lowell et al., 1996). As shown in macrophages,shock. Csk-deficient granulocytes showed enhanced
Hck and Fgr deficiency further affects remodeling of thespontaneous and ligand-induced degranulation with
cytoskeleton and their migratory capacity (Suen et al.,hyperinduction of integrins. This hyperresponsiveness
1999). While the critical role of Src-fk Hck and Fgr inwas associated with hyperadhesion and impaired mi-
phagocyte adhesion and activation is thus well estab-gratory responses in vitro. Hyperphosphorylation of
lished, the mode of Src-fk regulation in inflammatorykey signaling proteins such as Syk and Paxillin in mu-
cells has remained uncertain. The protein tyrosine phos-tant granulocytes further supported breakdown of the
phatase Shp-1 has a broad substrate range and playsactivation threshold set by Csk. By enforcing the need
a critical role in the maintenance of the kinase/phospha-for ligand engagement Csk thus prevents premature
tase balance. Shp-1 deficiency causes the “motheaten”granulocyte recruitment while supporting the motility
phenotype, which is characterized by inflammatory or-
of stimulated cells through negative regulation of cell ad-
gan infiltrates and systemic autoimmunity (Shultz, 1991).
hesion. Thus, modulation of phosphatase activity could in prin-
ciple account for the control of recruitment and activa-
Introduction tion thresholds in inflammatory cells.
Regulatory kinases including Csk and Chk can inhibit
Swift and robust inflammatory responses are needed to Src-fk activity directly through phosphorylation of the
restrict the spread of microbial pathogens at the early C-terminal inhibitory tyrosine residue (Bergman et al.,
stages of an infection. Within minutes, polymorphonu- 1992; Nada et al., 1991). The inhibitory effect of Csk is
clear granulocytes (PMN, neutrophils, granulocytes) are enhanced by formation of a functional complex with
recruited from the blood stream into surrounding tissues phosphatases of the PEP family (Wang et al., 2001),
where they engulf and kill invading microorganisms. Cir- which selectively dephosphorylate the activating tyro-
culating phagocytes require multiple successive signals sine residue in the kinase domain of Src-fks (Cloutier
for full activation (Ley, 2002; Lowell and Berton, 1999). and Veillette, 1999). As Csk is widely expressed, it could
Proinflammatory and chemotactic mediators released control a diverse spectrum of cell types and cellular
into the vascular lumen at sites of inflammation trigger responses through modulation of Src-fk activity. Inacti-
adhesion to the activated endothelium. Engagement of vation of Csk by gene targeting in mice caused a reces-
2 integrins induces an outside-in signal, which sup- sive lethal phenotype at mid-gestation, characterized
by growth retardation and necrosis in the notochord
and neural tube (Imamoto and Soriano, 1993; Nada et*Correspondence: j.roes@ucl.ac.uk
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al., 1994). While this finding established a critical role tion against Csk-deficient cells in the exudate recov-
ered. Western blot analysis of purified bone marrowfor Csk in vivo, the fact that Csk-deficient embryos fail
to develop precluded a more detailed analysis of Csk granulocytes confirmed the inactivation of the csk gene
in granulocytes while expression of the other major Src-function in leukocytes. In vitro studies have shown that
Csk can inhibit tyrosine phosphorylation induced by the fk of phagocytes, Hck, Fgr, and Lyn, was unaffected
(Figure 1C).T cell receptor, while the regulatory impact of Csk in
other cell types such as basophils or B lymphocytes
appears minimal (reviewed in Veillette et al., 2002). Exaggerated Inflammation in Csk-GEcre Mice
Since the regulatory impact of Csk appears cell type Virtually all adult ( 6 weeks) Csk-GEcre mice main-
dependent, we decided to test, by conditional mutagen- tained in conventional housing conditions showed signs
esis (Rajewsky et al., 1996), whether Csk plays an essen- of an inflammatory disorder including dermatitis-like
tial role in the regulation of phagocyte recruitment and symptoms with inflammation of the eyelids and ears.
inflammation in vivo. To bypass embryonic lethality, Histopathological analysis revealed microabscesses in
mice expressing the Cre recombinase under the control the skin (Figures 2A and 2B) and acute pulmonary inflam-
of the granulocyte elastase (ela2) locus (Tkalcevic et al., mation with substantial consolidation and prominent
2000) were intercrossed with a strain carrying a Csk perivascular accumulation of PMN (Figures 2C–2H). The
locus conditioned for Cre-mediated deletion by intro- disease was further associated with granulocytic infil-
duction of loxP sites (Schmedt et al., 1998). Here we trates in the dorsal deep dermis/subcutis of extremities,
report on the resulting mouse model “Csk-GEcre.” Csk extramedullary haematopoiesis in the liver and spleen,
inactivation in granulocytes caused exaggerated acute as well as increased myelopoietic activity in the bone
inflammation, hypersensitivity to lipopolysaccharide marrow, while intestinal tissues and joints were not sig-
(LPS), and granulocyte hyperresponsiveness with de- nificantly affected (data not shown). Microbiological
regulated integrin expression and hyperadhesiveness in analysis of lung tissue revealed a normal microbial flora
vitro. The study identifies a critical, Csk-operated check- (data not shown), which was most likely responsible
point, which prevents inappropriate initiation of phago- for triggering the inflammatory disease in the mutants,
cyte recruitment and inflammation in vivo. because treatment with antibiotics, or rederivation in
specified pathogen free (“SPF”) conditions, restored the
normal phenotype. This was not only reflected by theResults
absence of significant inflammatory foci and pulmonary
inflammation (data not shown), but also supported byInactivation of Csk in the Myeloid Lineage
Mice expressing the Cre recombinase in the myeloid normal levels of myelopoiesis in the bone marrow. As
shown in Figure 3, the number of nucleated cells in thelineage were generated previously by inserting, through
homologous recombination, a modified cre coding se- bone marrow and the frequency of mature granulocytes
(Gr1hi) and myeloid precursors (Gr1lo) identified by theirquence into the granulocyte elastase (ela2) locus, which
is expressed at the promyelocyte stage (Tkalcevic et characteristic levels of Gr1 expression were identical in
controls and mutants. Also granulocyte turnover mea-al., 2000). These GEcre mice were intercrossed with
mice carrying a floxed csk locus (cskfl(Schmedt et al., sured by in vivo BrdU incorporation (Figure 3C) was
normal and in line with data reported earlier (Metcalf et1998) generating double mutants with inactivated Csk
in myeloid precursors. Cre-mediated recombination of al., 1995). Some PMN infiltrates remained detectable in
the deep dermis/subcutis of the dorsal side of the feetthe cskfl locus causes gene inactivation through deletion
of exons 9 and 10, which encode part of the kinase (data not shown).
Phagocytes were recruited efficiently into the perito-domain. Deletion analysis was first carried out in mice
heterozygous for the cskfl locus, to exclude possible neal cavity upon induction of sterile peritonitis in the
mutants. In keeping with the apparent selection againstselective effects of a complete loss of Csk expression.
Southern blot analysis of leukocytes isolated from bone Csk-deficient granulocytes (see Figure 1B), granulocyte
numbers were reduced compared to controls reachingmarrow or the peritoneal cavity after induction of sterile
peritonitis (Figure 1A) revealed approximately 55% dele- significance at later stages of the response (Figure 3D).
This counterselection could be due to impaired recruit-tion of the cskfl locus in granulocytes. While deletion
was undetectable in resident peritoneal macrophages ment, increased apoptosis, or enhanced adhesiveness
and consequently reduced recovery of Csk-deficient cells.and lymphocytes, significant cskfl deletion was also ob-
served in inflammatory macrophages from peritoneal The rate of spontaneous or activation-induced apopto-
sis, as assessed by Annexin V staining, did not give anyexudate. Given the apparent incomplete inactivation of
the csk gene, we decided to facilitate the generation of indication of increased susceptibility of Csk-deficient gran-
ulocytes. Rather, increased resistance to LPS-inducedCsk-deficient cells using mice carrying only one func-
tional cskfl locus, the second allele having been inacti- apoptosis became apparent by 48 hr after stimulation
(controls 71  5%, Csk-GEcre 59  6% AnxV positivevated in the germline. In this genotype (cskfl/,GEcre/
referred to as Csk-GEcre), every Cre-mediated deletion cells, p  0.01). To further investigate the mechanisms
underlying the inappropriate mobilization of inflamma-event generates a Csk-deficient cell. In this setting, dele-
tion levels increased to about 80% in bone marrow gran- tory cells, we used healthy mice maintained in a microbi-
ologically controlled environment for the analysis of ster-ulocytes (Figure 1B). Remarkably, deletion levels in thio-
glycollate-induced peritoneal exudate granulocytes ile inflammatory responses to LPS and effects on
granulocyte responsiveness in vitro as detailed below.appeared considerably lower than in bone marrow (78%
bone marrow versus 63% peritoneum) indicating selec- Mice deficient in the Src-fk Hck and Fgr are resistant
Inhibition of Inflammation by Csk
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Figure 1. Generation of Mice with Csk Deficiency in Phagocytes
(A and B) Southern blot analysis of EcoR1 restricted genomic DNA isolated from purified leukocyte subpopulations or whole organs (spleen
and thymus) from mice heterozygous for the cskfl locus (cskfl/,GEcre/ [A]) or Csk-GEcre mice with the second allele already inactivated in the
germline (cskfl/, GEcre/ [B]) are shown. Cre-mediated deletion of exon 9 and 10 of the csk gene leads to a 400 bp reduction of the 2.5 kb restriction
fragment (Cskfl) and appearance of the 2.1 kb fragment (csk). Mean deletion levels (%) were determined in three independent experiments.
(C) Western blot analysis of Src-fk expression in bone marrow granulocytes from control (Ctrl, cskfl/,GEcre/) and Csk-GEcre mice is shown
revealing loss of Csk expression, while levels of Hck, Fgr, and Lyn are not affected. BM, bone marrow; PE, peritoneal exudate; res, resident
peritoneal; Gr, granulocytes; M, macrophages; spl, spleen; and thy, thymus.
to endotoxin (Lowell and Berton, 1998), and we found phenotype and similar expression levels in both controls
and mutants (Figures 5B and 5C). Similar response pro-previously that granule proteases contributed to the pro-
gression of endotoxic shock responses (Tkalcevic et al., files were also observed for 3 integrins (CD51, data
not shown). The spontaneously increased 2-integrin2000). If deregulated kinase activity caused granulocyte
hyperresponsiveness in Csk-GEcre mice, this should expression was reflected in enhanced binding of its li-
gand fibrinogen (Figure 5D). PMA boosted fibrinogenalso affect susceptibility to endotoxin LPS. The data in
Figure 4 show that this is indeed the case. Almost all binding and CD11b expression (Figure 5D) to similar
levels in controls and mutants. This confirms that differ-Csk-Gecre mice succumbed to a normally sublethal
dose of LPS. The enhanced susceptibility to LPS was ences in integrin stores per se do not account for the
increased expression on the surface of csk-deficientassociated with substantially increased numbers of
granulocytes in the liver (controls, 5.4 foci/100 fields; granulocytes. The hyperresponsiveness of Csk-defi-
cient granulocytes was further reflected in enhanced,mutants, 82.5 enlarged foci/100 fields) and a discernible,
approximately 3-fold increase in serum TNF levels (Fig- PP2 sensitive, shape change typically associated with
granulocyte priming (Figure 5E).ure 4). This hypersensitivity does not seem to derive
from a hypersensitivity of mutant macrophages to LPS, The release of the secondary granules, which contain
because TNF levels produced in vitro by LPS stimulated adhesion molecules, is essential for efficient recruitment
bone marrow-derived or peritoneal exudate macro- of the cells from the circulation, subsequent activation,
phages did not differ significantly from the controls (con- and the mobilization of microbicidal activity. To further
trol, 839 25; mutant, 882  69 pg/ml; p  0.58; and establish the effect of Csk on this process we measured
data not shown). the release of lactoferrin, a marker for secondary gran-
ules. As shown in Figure 5F, Csk-deficient granulocytes
show significantly (p  0.015) enhanced degranulation,Spontaneous and Ligand-Induced Hyperresponsiveness
when stimulated with fMLP, which signals via Src-fkof Csk-Deficient Granulocytes In Vitro
(Mocsai et al., 2000). Cytochalasin B (CB) inhibits actinFlow cytometric analysis did not reveal any significant
polymerization and enhances degranulation. While de-differences in “base line” expression of a wide range of
granulation levels of controls reach approximately 20%surface markers on quiescent bone marrow granulo-
of the maximal response obtained by direct activationcytes, including members of the 1, 2, and 3 integrin
of PKC with PMA, degranulation of Csk-deficient cellsfamilies (Figure 5 and data not shown). Incubation in
is close to this level even in the absence of PMA. ThisDMEM at 37	C without addition of activating stimuli
enhanced degranulation is completely suppressed bycauses mild, spontaneous degranulation with upregula-
PP2 indicating its dependence on Srk-fk activity. Simi-tion of 2 integrins as detected by staining with anti-
larly, upon adhesion to tissue culture plastic (organicCD11b antibody (Figures 5A and 5B). While controls
polymer, PVC), fibrinogen, serum, as well as anti-CD11bshowed a moderate increase in the number of cells ex-
or anti-CD16/32 coated substrate, Csk-deficient granu-pressing high levels of CD11b, about 75% of granulo-
locytes showed enhanced degranulation (Figures 5Gcytes in the mutants showed the CD11bhi phenotype.
and 5H). Taken together, these inhibitory effects of CskThe Src-fk inhibitor PP2 completely abolished the integ-
reveal a central role of this cell autonomous inhibitoryrin hyperinduction seen in Csk-deficient cells (Figure
kinase in the negative regulation of the granulocyte acti-5B), confirming it is driven by Src-fk. Direct activation of
PKC by PMA induced a similar shift toward the CD11bhi vation threshold.
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Figure 2. Acute Inflammation in Csk-GEcre Mice
Haematoxylin/Eosin stained paraffin tissue sections of control (Cskfl/,GE/; left column) and Csk-GEcre mice (right column) are shown. (A
and B) Sections of eyelids showing microabscess formation with pronounced accumulation of polymorphonuclear granulocytes in the mutants.
(C–H) Sections of lung tissue are shown at low (C and D), medium (E and F), and high power (G and H), demonstrating acute lobar pneumonia
in the mutants with substantial consolidation of the organ (D). The distinct perivascular accumulation of the polymorphonuclear infiltrate in
the mutants is illustrated in (H). Note the large numbers of leukocytes adhering to the blood vessel wall in the center of the infiltrate indicating
a highly active recruitment process.
Since integrins control and reinforce cell/substratum tion of mutant cells resisted detachment from untreated
PVC (Figure 6A) or serum coated surfaces (Figure 6B)adhesion (Schoenwaelder and Burridge, 1999; Zhou et
al., 2001), we tested whether the Csk deficiency affected under centrifugal force. Anti-2 integrin antibody blocked
adhesion to serum protein (Figure 6B), confirming thatthis process. As shown in Figure 6A, depletion purified
bone marrow granulocytes from Csk-GEcre mice showed the adhesion is substantially integrin dependent. How-
ever, the same treatment stimulated adhesion to PVC.considerably enhanced adhesiveness. A higher propor-
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reduced, indicating that the hyperadhesiveness was ac-
companied by deregulation of the dynamic remodeling
process that enables locomotion of the cell. Confocal
microscopy confirmed not only the increased levels of
integrin expression in the mutants after culture in sus-
pension at 37	C, but also revealed substantially en-
hanced formation of integrin clusters (Figure 6D). Fur-
thermore, extensive staining for polymerized actin at the
sites of integrin clustering indicated enhanced cytoskel-
etal remodeling in suspension and after adhesion. Strik-
ing effects of the Csk deficiency on the formation of
processes became apparent after adhesion to glass or
fibrinogen (Figures 6E and 6F). Notably, on the “nonspe-
cific” substrate glass (Figure 6E) these processes devel-
oped primarily in the form of filopodia, while fibrinogen
coated surfaces induced extensive formation of brightly
stained lamellipodia in the mutants (Figure 6F). These
data show that Csk negatively regulates granulocyte
adhesion by suppressing both spontaneous cytoskele-
tal remodeling and the establishment of processes that
form focal contacts and adhesions.
Spontaneous and 2-Integrin-Mediated
Hyperphosphorylation of Src-fk Substrates
in Csk-Deficient Granulocytes
To establish whether the effects on the cellular response
described above were reflected at the level of signalFigure 3. Leukocyte Development in Csk-GEcre Mice
transduction, we examined spontaneous and inducedTotal bone marrow leukocyte counts are shown in (A) and numbers
of mature granulocytes (Gr-1hi) and myeloid precursors (Gr-1lo) (B) phosphorylation levels of key signaling components.
were determined by flow cytometry. (C) BrdU incorporation in ma- While baseline tyrosine phosphorylation in quiescent
ture granulocytes (Gr1hi) detected by flow cytometry 20 hr or 44 hr bone marrow granulocytes was low in both controls and
after in vivo labeling confirms normal granulocyte turnover in the mutants (Figure 7A), hyperphosphorylation of a distinct
mutants. Numbers of granulocytes (Gr1hi) recovered from the perito-
product around 85 kDa was consistently observed asneal cavity 4.5 hr and 24 hr after induction of sterile peritonitis with
soon as 1 min after incubation at 37	C in medium withoutthioglycolate are shown in (D).
additional stimulation. This phosphorylation was abol-
ished by PP2 (data not shown). Concurrent with the
increased tyrosine phosphorylation levels, the activity ofThis indicates that the establishment of nonspecific,
charge-dependent cell-substratum interactions is facili- Hck against enolase, a commonly used Srk-fk substrate,
was considerably (5-fold) elevated in Csk-deficient cellstated by anti-integrin, which may trigger a signal similar
or identical to the one causing hyperadhesiveness of (Figure 7B). A hyperphosphorylated 85 kDa protein has
been identified previously as cortactin in Csk-deficientCsk-deficient cells.
To assess whether the hyperadhesiveness affected cells (Nada et al., 1994). Cortactin drives the reorganiza-
tion of the actin cytoskeleton via the Arp2/3 complexcell motility, we measured granulocyte migration in a
transwell assay. As shown in Figure 6C, chemokinesis (Uruno et al., 2001). Using a phospho-specific antibody
raised against a cortactin peptide, the hyperphosphory-and chemotaxis to fMLP of mutant cells was significantly
Figure 4. Hypersensitivity of Csk-GEcre Mice
to LPS
Survival probability plot (Kaplan-Meier) of
mice injected with LPS is shown in (A). Data
were pooled from two independent experi-
ments (n  12) using 5 (n  6) or 10 
g (n 
6) LPS /g bodyweight (survival kinetics for
both LPS doses were identical). (B) TNF ti-
ters in mutant and control sera 90 min after
injection of 5 
g LPS/g bodyweight (circles)
or of unchallenged mice (triangles) are shown
indicating approximately 3-fold higher TNF
levels in the mutants compared to controls.
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Figure 5. Hyperinduction of Integrins and
Degranulation in Csk-Deficient Granulocytes
(A–D) Integrin expression on bone marrow
granulocytes before and after incubation
and/or stimulation in vitro was determined by
flow cytometry using monoclonal antibodies
against Gr1, CD11b (A, B, and C) or by binding
of fluorescent fibrinogen (D). (A) Dot plot anal-
ysis of bone marrow stained with CD11b and
Gr1 shows the proportion of granulocytes ex-
pressing low and high levels of CD11b before
(top) and after incubation in vitro (bottom).
The bar charts illustrate the relative increase
in the proportion of CD11bhi granulocytes (B)
or CD11b expression levels ([C] mean fluores-
cence intensity [MFI]) in the mutants (open
bars) and controls (hatched bars) after incu-
bation in vitro. The spontaneous induction of
CD11b in the mutants is abrogated by the Src-
fk inhibitor PP2. (D) Binding of the 2-integrin
ligand fibrinogen is increased in Csk-deficient
granulocytes after incubation in medium, in line
with the spontaneously increased levels of
CD11b expression. PMA induces maximal bind-
ing in both controls and mutants.
(E) Spontaneous, PP2 inhibitable shape change
of granulocytes as determined by flow cytom-
etry is indicated by the increase in forward
light scatter (FSC) of Csk-deficient cells.
(F–H) Degranulation, as assessed by release
of the secondary granule marker lactoferrin,
of granulocytes in suspension (F) or after ad-
hesion to PVC, fibrinogen (Fg), serum, anti-
CD11b, or anti-Fc receptor (CD16/32)
coated wells (G and H) without further stimu-
lation is shown. Note that significantly in-
creased degranulation of Csk-deficient gran-
ulocytes is apparent in medium (p  0.015),
and after stimulation with fMLP alone (p 
0.015). Cytochalasin B (CB) maximizes de-
granulation through inhibition of actin poly-
merization induced by fMLP. The hyperde-
granulation of Csk-deficient granulocytes in
response to fMLP/CB reaches levels close to
those induced by direct activation of PKC
with PMA. (G and H) Degranulation induced
by adhesion to PVC, integrin, or Fc receptor
ligands is increased in the absence of Csk.
1 unit represents the amount of lactoferrin
released by control cells in medium alone (E)
or after adhesion to fibrinogen (F) or PVC (G).
Spontaneous degranulation on BSA coated
surfaces was below 0.25.
lation of the 85 kDa protein in the mutants was indeed Src-fk substrate and multidomain protein involved in
the organization of focal adhesions and integration ofconfirmed (Figure 7C). Spontaneous hyperinduction of
signaling in the absence of Csk was further supported signaling pathways controlling cell adhesion and migra-
tion (Burridge et al., 1992), was affected by the Cskby hyperphosphorylation of the tyrosine kinase Syk,
which is critically involved in the proximal stages of the deficiency. Figure 7C shows that paxillin is hyperphos-
phorylated at tyrosine 31. This forms, with tyrosine 118,integrin and Fc receptor pathways (Crowley et al., 1997;
Mocsai et al., 2002; Obergfell et al., 2002). Although a functional SH2 domain docking site for the adaptor
protein Crk, which in turn links with an evolutionarilySyk phosphorylation is apparent in the controls, it is
considerably reduced compared to the mutants, indicat- conserved pathway controlling cytoskeletal rearrangement
and cell migration (Gumienny et al., 2001). Stimulationing Csk prevents the adhesion-independent activation
of this pathway. Similarly, phosphorylation of paxillin, a with anti-integrin antibodies did not lead to a detectable
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Figure 6. Enhanced Adhesion and Impaired Migration of Csk-Deficient Granulocytes
(A and B) Depletion purified granulocytes from Csk-deficient mice show enhanced resistance to detachment under centrifugal force (-755g)
after adhesion to organic polymer (PVC [A]) and serum (B). Preincubation with antibodies to CD11b and CD18 (-Int) blocks adhesion to
serum showing this interaction is 2-integrin dependent. Conversely, the antibodies stimulate adhesion to PVC indicating priming for adhesion
through nonspecific interactions with the PVC surface.
(C) Impaired migratory responses of Csk-deficient granulocytes becomes apparent in a transwell migration assay. Mutant granulocytes show
not only reduced chemotactic activity, but also reduced chemokinesis as indicated by the lower cell counts obtained in the absence of a
chemotactic gradient (med/med; fMLP/fMLP).
(D–F) Morphology is shown of bone marrow granulocytes either incubated in suspension for 30 min, fixed and plated on poly-lysine (D), or
adhered to uncoated glass (E) or glass coated with fibrinogen (F), before 30 min incubation. Cells were fixed and stained with anti-CD11b-
Biotin/Strepavidin-Cychrome and phalloidin-TexasRed, and DAPI. Polymorphonuclear granulocytes were identified by nuclear morphology.
Confocal analysis confirmed not only the increased levels of CD11b (top) in the mutants, but also enhanced formation of integrin clusters and
actin polymerization (middle) after incubation in suspension (D), on glass (E), or fibrinogen coated surface (F). Pronounced formation of brightly
stained filopodia on glass distinguishes the mutant cells from the controls, while cells on fibrinogen show distinctive brightly stained lamellipodia.
CD11b staining colocalizes with polymerized actin as indicated by the overlay of CD11b and phalloidin staining (bottom). UC, upper chamber;
LC, lower chamber.
further increase in phosphorylation levels of Syk or Paxil- plays a central role in the negative control of degranula-
tion and integrin release while negatively modulating celllin. Their considerable spontaneous ligand-independent
phosphorylation in vitro may hamper the detection of adhesion and the activation of major pathways driving
granulocyte recruitment and activation.such effects. Taken together, the data show that Csk
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granulocytes during the resolution of the inflammatory
response (Savill et al., 2002), the apparent Csk deletion
could be derived from granulocyte DNA. Notably, no
deletion was detected in resident peritoneal macro-
phages, indicating that the elastase/Cre-expressing
precursor does not give rise to significant numbers of
this macrophage subpopulation.
A number of skin conditions of unknown etiology in
humans show striking similarities to the inflammatory
phenotype seen in Csk-GEcre mice. The localized form
of granuloma annulare predominantly affects the ex-
tremities, such as the elbows, eyes, and ears, though it
can be restricted to the dorsum of the hands. Acute
vasculitis and localization of inflammatory cells to the
deep dermis/subcutis has also been described in asso-
ciation with this condition (Weedon, 1997). Furthermore,
acute febrile neutrophilic dermatosis (Sweet’s Syn-
drome) is thought to represent an immunological hyper-
sensitivity reaction, which affects the extremities and
may be triggered by respiratory tract infection (Weedon,
1997) or treatment with GCSF (Johnson and Grimwood,
1994). A form of atopic dermatitis that develops in the
NC/Nga mouse, when maintained under non-SPF condi-
tions (Vestergaard et al., 2000), has been linked with the
csk locus (Kohara et al., 2001), but the nature of the
defect remains unknown. The phenotypic similarities be-
tween the Csk-GEcre model and the human conditions
suggest that impaired negative control of granulocyte
activation, perhaps due to suboptimal Csk expression/
activity, may play a role in the development of inflamma-
tory diseases.
The absence of the Src-fk, Hck, and Fgr in mice leads
to impaired adhesion-primed phagocyte responses in-Figure 7. Hyperphosphorylation and Increased Src Family Kinase
cluding migration, respiratory burst, degranulation, andActivity in Granulocytes from Csk-GEcre Mice
resistance to endotoxic shock (Berton and Lowell, 1999).Western blots for (A) total phosphotyrosine levels in FACS sorted
Also, reduced phosphorylation of Syk as well as actin-control (“C”) and mutant (“M”) Gr1hi bone marrow granulocytes be-
associated proteins including cortactin and paxillin infore and after incubation at 37	C. Hyperphosphorylation of a promi-
nent protein around 85 kDa is apparent in Csk-deficient (mutant, Hck/Fgr- deficient macrophages has been reported
“M”) granulocytes. (B) Autoradiograph reveals Hck kinase activity (Suen et al., 1999). The Csk-GEcre phenotype directly
against enolase (top) and Hck protein levels after immunoprecipita- reflects the role of Csk in the negative control of Src-
tion from purified control (“C”) and mutant (“M”) granulocytes. Densi- fk. Loss of Csk-mediated inhibition leads to granulocytetometric analysis revealed 5-fold increased Hck activity in the mu-
hyperresponsiveness, hypersensitivity to endotoxin,tants compared to controls when normalizated for Hck protein
with enhanced adhesiveness and degranulation. Micelevels. (C) Composite panels show phosphorylation levels of cortac-
expressing constitutively active Hck (HckFF), uncoupledtin, syk, and paxillin (upper) and the corresponding total protein
levels (lower) using monoclonal antibodies specific for a phosphory- from negative regulation by Csk-like inhibitors, develop
lated epitope or total protein, respectively. Equivalent expression spontaneous pulmonary inflammation (Ernst et al.,
of CD11b in control and mutants was confirmed to exclude that 2002). In contrast to Csk-GEcre mice, this inflammation,
increased tyrosine phosphorylation simply reflects differences in
however, developed in specified pathogen free condi-integrins expression.
tions and involved mononuclear cells, eosinophils, and
macrophages, suggesting that deregulation of Csk tar-
Discussion gets other than Hck may cause the acute granulocytic
inflammation in Csk-GEcre mice. Although granulocytes
By intercrossing mice carrying a csk locus conditioned did not contribute significantly to the inflammatory dis-
for Cre-mediated deletion, with mice expressing Cre ease in HckFF mice, their migration on fibrinogen in vitro
from the granulocyte elastase (Ela2) locus (Tkalcevic appeared to be enhanced. The migration assay used,
et al., 2000), we generated a mouse model with Csk however, included adhesion as a selecting parameter.
deficiency in myeloid cells, primarily granulocytes. Cre- Increased adhesiveness of HckFF granulocytes, which
mediated deletion occurred with moderate efficiency would be in line with the data presented here (Figure 6),
(50%–60%, Figure 1) in bone marrow granulocytes and may thus have contributed to the apparent migratory ac-
at lower levels (20%) in inflammatory peritoneal exu- tivity.
date macrophages. This apparent deletion did not affect Integrins can be transported to the granulocyte mem-
LPS-induced TNF production by macrophages in vitro, brane by means of secretory vesicles or secondary gran-
supporting a predominant role of granulocytes in the ules, which represent the main intracellular stores of
integrins (Borregaard and Cowland, 1997). ExocytosisLPS-induced pathogenesis. Since macrophages ingest
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of secretory vesicles is independent of Src-fk activity, The enhanced susceptibility of Csk-deficient granulo-
which would explain the ability of Hck/Fgr-deficient cytes to Fc- receptor-induced degranulation (Figure
granulocytes to upregulate 2 integrins (Lowell et al., 5H) confirms the role of Csk in the suppression of this
1996). In the presence of the Src-fk inhibitor PP2, Csk- pathway. Taken together a profound defect in the nega-
GEcre granulocytes show similar levels of integrin tive control of major activating pathways that drive gran-
upregulation to the controls, indicating that the release ulocyte recruitment becomes apparent.
of secretory vesicles is not affected. In contrast, the Earlier evidence for the involvement of Csk in the
spontaneous hyperinduction of integrins in Csk-defi- regulation of integrin signaling and adhesion was largely
cient cells is completely suppressed by PP2 (Figure 5). based on Csk overexpression in cell lines. In trans-
This supports an essential role of Csk in the controlled, formed fibroblasts, overexpressed Csk localized to focal
Src-fk-dependent insertion of integrins into the cell adhesions and led to their disruption, redistribution of
membrane through degranulation. integrins, and inhibition of cell adhesion (Bergman et
The formation of integrin clusters with increased al., 1995). In platelets, endogenous Csk was found to
“avidity” for ligand is central to effective cell adhesion associate with integrins constitutively. Binding of ligand
and signaling (reviewed in (Hogg et al., 2002). Csk-defi- caused dissociation of Csk from the integrin complex
cient granulocytes showed not only spontaneous integ- followed by activation of Src-fk and Syk (Obergfell et al.,
rin clustering in suspension, but also increased density 2002). This supports a model in which Csk suppresses
of focal adhesions and formation of processes rich in integrin signaling through constitutive suppression of
2 integrins and polymerized actin (Figure 6) explaining integrin associated Src-fk kinase activity by default. En-
the hyperadhesiveness of these cells. Surprisingly, hy- gagement of integrin ligand expels Csk from the com-
peradhesiveness to a nonspecific substrate could be plex releasing Src-fk from constitutive inhibition fol-
directly induced with anti-2 integrin antibody (Figure lowed by activation of the signaling cascade. While
6A). This indicates that integrin signaling can drive the preventing premature ligand-independent activation of
cells into an adhesive state maintained by nonspecific granulocytes, Csk has also been shown to restrict emi-
cell/substratum interactions. The hyperadhesiveness of gration of T cells from the thymus unless a positive signal
csk-deficient cells may thus result directly from de- from an appropriately expressed T cell receptor (TCR)
regulated integrin-induced adhesion. Considering that is received after interaction with self-MHC (Schmedt et
granulocyte migration is impaired, rather than blocked al., 1998). Similar to ligand-induced dissociation of Csk
completely (Figure 6C), the striking perivascular accu- from the integrin complex as shown in platelets (Oberg-
mulation of Csk-deficient granulocytes in the lungs (Fig- fell et al., 2002), TCR engagement can lead to transient
ure 2) can be explained. Csk-deficient granulocytes re- displacement of Csk during activation of the signaling
tain some migratory capacity (Figure 6C), which would cascade (Torgersen et al., 2001). Being widely expressed,
be sufficient for extravasation from the bloodstream be- Csk may well utilize such a mechanisms for general
fore settling in a hyperadhesive state and local accumu- control over Src-fk-dependent, ligand-induced recruit-
lation over time. This effect, which may be amplified by ment and differentiation processes. Genetic variation in
a positive feedback loop through release of proinflam- the levels of Csk expression may impact considerably
matory mediators, would be further supported by the on the homeostatic process and predisposition to in-
relative resistance of Csk-deficient cells to apoptosis flammatory and autoimmune disease.
reported above. Importantly, the local accumulation of
granulocytes was not associated with significant tissue
Experimental Proceduresdamage indicating the lack of secondary signals, which
would normally be encountered in a full-blown acute
Inactivation of Csk in Granulocytes
inflammatory response. The generation of GEcre (Tkalcevic et al., 2000) and Cskfl mice has
The hyperresponsiveness of Csk-deficient granulo- been described (Schmedt et al., 1998). To support the generation
cytes becomes apparent in enhanced spontaneous de- of Csk-deficient cells, mice carrying one floxed csk allele, with the
second copy inactive in the germline (Cskfl/), were used in combina-granulation further stimulated by nonspecific adhesion
tion with the heterozygous GEcre mice (GEcre/). (Cskfl/;GEcre/)or crosslinking of receptors including integrins and Fc
mice served as the test group while (Cskfl/;GE/) and/or (Cskfl/;receptors (Figure 5). Hyperphosphorylation of key sig-
GEcre/) mice were used as controls. Both, control, and test groupsnaling molecules confirms the deregulation of these acti-
were on a mixed C57Bl6/129 genetic background. Genomic DNA
vating pathways. Through interaction with integrins the was digested with EcoR1, resolved by agarose gel electrophoresis,
multidomain protein paxillin provides a central docking transferred to nylon membranes (Amersham-Pharmacia Biotech),
site at the core of focal adhesion complexes, for a wide and hybridized as described (Church and Gilbert, 1984).
range of proteins, including Src-fk, phosphatases, and
cytoskeletal structures (Turner, 2000). Hck and Fgr con- Induction of Endotoxic Shock and Granulocyte Recruitment
tribute to phosphorylation of paxillin, cortactin, and Syk Thioglycollate broth (3%, 0.7 ml/20 g bodyweight, Difco laboratories)
(Suen et al., 1999). The generation of an SH2 binding was injected intraperitoneally. Animals were killed by CO2 asphyxia-
site on paxillin for the adaptor protein Crk (Klemke et tion, and peritoneal exudate cells were recovered by peritoneal la-
vage with PBS containing 2 mM EDTA or Heparin. For induction ofal., 1998; Schaller and Parsons, 1995) connects these
endotoxemia, E.coli LPS 0111:B4 (Sigma Chemicals) was injectedSrc-fk to an evolutionary conserved cascade that con-
intraperitoneally in PBS (5 or 10 
g per g bodyweight). Cytokinetrols adhesion, cytoskeletal rearrangement, phagocyto-
levels were determined by ELISA (R&D Systems). Mice were killed
sis, and cell migration (Bar-Sagi and Hall, 2000; Gu- by CO2 asphyxiation and organs were fixed in formalin and paraffin
mienny et al., 2001). Furthermore, cortactin provides a sections were stained with haematoxylin and eosin. PMN granulo-
de novo nucleation site for actin polymerization through cytes were counted in 20 random fields per section at 400magnifi-
cation.activation of the Arp2/3 complex (Uruno et al., 2001).
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Flow Cytometric Analysis and Cell Purification Immunofluorescent images were captured sequentially and over-
layed using a Leica AOB System.Fluorochrome or biotin-conjugated antibodies to Gr1 (Ly-6G),
CD11b, CD62L CD45R/B220, and streptavidin were from BDPhar-
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